Abstract: This paper presents a strength criterion for intact rock, which can well describe triaxial test data under compressive or tensile stress state. The proposed criterion is defined in terms of three parameters. One parameter expresses the apparent unconfined compressive strength (AUCS), obtained from the Coulomb-Mohr criterion, as a regulated unconfined compressive strength (RUCS). Two other parameters,  and , are material-dependent that can be determined by regression analysis. The proposed criterion is compared with selected applicable strength criteria separately for compressive and tensile strengths. Coefficient of determination and accordance coefficient are considered in comparisons between the proposed and selected strength criteria.
Introduction


Strength criteria have a long history. The first linear criterion was developed by Coulomb in 1773 (Jaeger et al., 2007) . In 1900, Mohr extended the criterion and introduced the concept of the Mohr envelope (Bineshian, 2000) . The Coulomb-Mohr criterion is a linear compressive-tensile criterion as follows:
where 1  and 3  are the major and minor principal stresses at failure, respectively; and C and B are the parameters of material. Parameter C in 1  -3  coordinate system represents the apparent uniaxial compressive strength (AUCS) and parameter B is the slope of the Coulomb-Mohr linear envelope.
In spite of its popularity, the Coulomb-Mohr criterion cannot well describe the nonlinear characteristics of rock strength under triaxial loading conditions. For brittle rocks, the criterion can overestimate the tensile strength. Griffith (1921 Griffith ( , 1924 ) developed a nonlinear criterion based on the initiation of crack propagation in brittle materials. This criterion was later modified by Brace Doi: 10.3724/SP.J.1235 .2012 .00140 * Corresponding author. Tel:+61-450108437; E-mail: Bineshian@gmail.com (1960) , McClintock and Walsh (1962) , Murrell (1963 Murrell ( , 1965 , and Jaeger et al. (2007) .
Nonlinear characteristics of rock were described by von Karman (1911) on marble samples. Griggs (1936) , Mogi (1965 Mogi ( , 1966a Mogi ( , 2006 , Donath (1970) and Hoshino et al. (1972) reported similar observations. Empirical fitting of curves to triaxial test data by Franklin and Hoek (1970) , Franklin (1971) , and Hoek and Brown (1980a) provided additional evidence that most triaxial behavior is nonlinear.
Over the past sixty years, many researchers have aimed at addressing limitations of various criteria. Balmer (1952) developed a criterion, which can be used for compression but is not suitable for tension (Sheorey, 1997) . This criterion was modified by Sheorey et al. (1989) , however, it was not applicable to all rock types. Murrell (1963 Murrell ( , 1965 developed a criterion, which was not reliable for tension although, after being modified by Hoek (1968) , Bieniawski (1974) , Yudhbir and Prinzl (1983) , Das and Sheorey (1986) and Sheorey et al. (1986) , its applicability to compression was improved. These researchers developed new criteria, based on Murrell criterion, which introduced new parameters and required principal stresses to be normalized. Although the above researchers modified the criterion to make it applicable to a wider range of rock types, the criterion was not applicable to tension (Bineshian, 2000) . Despite the fact that Bieniawski criterion (Bieniawski, 1974) cannot predict tensile behavior of rock, it has been widely used for evaluation of intact rock strength due to its reliable prediction of compressive strength. Bieniawski criterion is defined in terms of parameters B and  as follows, and it is not applicable to a tensile stress state (Bineshian and Bineshian, 2011a) :
where c   is the unconfined compressive strength (UCS) derived from test.
Other criteria, having forms different to those based on Murrell criterion, are those by Fairhurst (1964) , Hobbs (1964) , Mogi (1966a , 1966b ), and Franklin (1971 . These criteria have limited applicability. For example, Hobbs criterion is only applicable to coal. Fairhurst criterion, which is another form of Griffith criterion, cannot predict the tensile strength (Bineshian, 2000) . Franklin criterion cannot predict the UCS. Ohnaka (1973) developed a normalized form of Mogi criterion, but it is limited to specific types of rocks.
Up to the 1980s, many criteria were proposed, all of which were not applicable to either compression or tension. However, a new empirical strength criterion was proposed by Hoek and Brown (1980b, 1988) :
where 1   and 3   are the major and minor effective principal stresses, respectively; c   is the effective UCS; and m is the parameter of Hoek-Brown criterion.
Hoek-Brown criterion was based on the Griffith criterion (1921 Griffith criterion ( , 1924 as modified by McClintock and Walsh (1962) . At that time, the criterion was found to be applicable to many rock types, and subsequent modifications made it even more widely applicable. Further developments have been suggested for the criterion (e.g. Yoshida et al., 1990) , however, most have failed to deliver significant improvements in the capability of the criterion to estimate strength (Bineshian and Bineshian, 2011b) .
A nonlinear criterion was also developed by Johnston and Chiu (1984) and revised by Johnston (1985) . The characteristic of this criterion is that its parameters depend on the UCS. From 1984 , Rao (1984 and Ramamurthy et al. (1985 Ramamurthy et al. ( , 1988 suggested a nonlinear criterion through conducting tests on 80 rock types. The criterion can be defined as follows:
This criterion is only applicable to positive confining pressures ( 3 0   ), and it has limitations at low confining pressures (Bineshian, 2000; Bineshian and Bineshian, 2012a) .
None of the criteria above is comprehensively applicable to all rock types and all loading conditions. Therefore, an alternative criterion, which can address these limitations, needs to be developed.
The current study is based on the results obtained from a comprehensive theoretical and experimental study on the failure characteristics of 1 743 samples of rock, coal and concrete. An alternative criterion is proposed, which is applicable to compressive and tensile stress states. This criterion was proposed in 1999-2000 as a part of first author's master thesis available at the Library of Tarbiat Modares University as the properties of the Ministry of Science, Research and Technology of Iran. Since then, it has been developed and evaluated for more types of intact rocks, rock masses, concretes and soils in Iran and Australia. This criterion enables a Mohr envelope to be fitted closely to actual triaxial data from more than 29 rock types. The criterion is compared with the original Coulomb-Mohr criterion (Jaeger et al., 2007) , Bieniawski criterion (Bieniawski, 1974; Bineshian and Bineshian, 2011a) , Hoek-Brown criterion (Hoek and Brown, 1980; Bineshian and Bineshian, 2011b) and Ramamurthy et al. criterion (Ramamurthy et al., 1985; Bineshian and Bineshian, 2012a) , and it is shown to provide a good alternative to these criteria. The parameters of the proposed criterion for igneous, sedimentary and metamorphic rocks and also a special consideration of inherent anisotropy of coal will be presented in another paper.
Proposed strength criterion
The proposed strength criterion is defined as c 3 1 3 c c 3
where  and  are rock constants; c  is the regulated unconfined compressive strength (RUCS), The RUCS is the regulated value for UCS. It means that the observed value of the uniaxial compression test is corrected by the regulation factor (  ). Thus, to calculate the best regulation factor,  should be added as a parameter to the strength criterion (Eq. (5)). Then the criterion should be fitted to triaxial test data by regression analysis and, therefore,  that regulates the AUCS will be obtained. AUCS in this study is calculated by the Coulomb-Mohr criterion. Hence c  can be calculated in following three steps: (1) Calculate AUCS by fitting the Coulomb-Mohr criterion to triaxial test data.
(2) Calculate the regulation factor  by fitting the proposed criterion (Eq. (5)) to triaxial test data.
(3) Calculate RUCS by multiplying AUCS by  . The value of RUCS is determined by setting 3 0   in Eq. (5):
By setting 1 0   in Eq. (5), the value of 3  is equal to the uniaxial tensile strength ( t  ):
The originality of the proposed strength criterion goes back to 2000 (Bineshian, 2000) . In the process of creating the form of the criterion (Eq. (5)), the authors generated a simple mathematical function, which can present both linear and nonlinear envelopes on the triaxial test data in accordance with the input 3  -1  data pairs to cover both linearity and nonlinearity of intact geomaterials' mechanical properties. Unlike many empirical criteria from 1952 to the present (i.e. criteria of Ballmer, Fairhurst, Hobbs, Murrell, Mogi, Hoek, Franklin, Bieniawski, Hoek-Brown, Johnston, Ramamurthy et al., Sheorey et al., Yoshida et al., Carter et al., etc.) , this criterion is not expressed through a power function, as which would limit the applicability of the criterion (Bineshian, 2000; Bineshian and Bineshian, 2011a , 2011b , 2012a . The proposed functional dependence for the criterion was based on 2 076 linear and nonlinear regression analyses (Bineshian, 2000) , and was evaluated during 2000 to 2009 for intact rocks, rock masses, concretes and soils (Bineshian, 2000 (Bineshian, , 2006 (Bineshian, , 2008 Bineshian and Bineshian, 2011a , 2011b , 2012a . The proposed criterion is a compressive-tensile strength criterion, which fits well the compressive and tensile strength data. It is an empirical-theoretical strength criterion, because RUCS is calculated using the Coulomb-Mohr criterion (a theoretical strength criterion) and the function has been formed by empirical study. The constants of the proposed criterion can be determined easily by performing the regression analysis of the data groups containing the triaxial compression and tension test data. The general method to determine the constants of the proposed criterion together with the selected criteria is presented in sub-section 4.1 of this paper.
Required triaxial test data and data evaluation procedure
A total of 2 149 data pairs obtained from triaxial compression tests on 392 samples of 34 rock types were collected from literatures (Schwartz, 1964; Horino and Ellikson, 1970; Ouyang and Elsworth, 1991; Vutukuri and Hossaini, 1992; Hossaini, 1993; Sheorey, 1997; Mahab Ghodss Consulting Engineers Co., 1999 , 2003 Bineshian, 2000 Bineshian, , 2006 Bineshian, , 2008 Bineshian and Bineshian, 2011a , 2011b , 2012a . The following conditions were applied to eliminating unsuitable data:
(1) Data pairs must be in the form of major and minor principal stresses ( , )   data pairs in each data group (Bineshian, 2000) .
(3) All data groups must contain the value of UCS (Bineshian, 1999) .
(4) All data pairs in each data group must contain the principal stress combination above the Mogi's transition limit (1966a Mogi's transition limit ( , 1966b ) from brittle to ductile failure (Sheorey, 1997) , i.e. 4.40    (8) (5) Each data group must contain the results of triaxial compression tests, in which the confining pressure is greater than zero (Bineshian, 2000; Bineshian and Bineshian, 2011a) .
(6) Each data group must contain a range of confining pressures with at least one test at a confining pressure greater than a half of UCS (Hossaini, 1999 ).
(7) Data groups must be definable in terms of regressive shaped curve (Bineshian and Bineshian, 2011b) .
(8) Data pairs are considered invalid if 1  is less than UCS (Bineshian, 2000) .
(9) Data groups must have similar slenderness ratios (Bineshian, 1999 (Bineshian, , 2006 .
After eliminating unsuitable data, a total of 1 743 data pairs were remained from 250 data groups for 15 igneous rock types, 6 sedimentary rock types, 7 metamorphic rock types and 4 coal types. For the coal samples, different orientations of main cleats and bedding planes relative to the orientation of the major principal stress were considered. All laboratory tests cited were carried out according to the International Society for Rock Mechanics (ISRM) suggested methods (Brown, 1981) .
Quantification of performance of proposed strength criterion
Linear and nonlinear regression
The following two equations are examples of linear and nonlinear regression models, respectively, in terms of independent variable i X and dependent variable i Y :
where 0  , 1  and 2  are the regression coefficients; and i  is the error in the regression model. The models are suitable for describing linear and nonlinear relationships between principal stress data pairs.
A linear regression model was applied for the Coulomb-Mohr criterion, and nonlinear models for the proposed criterion and criteria of Bieniawski, Hoek-Brown, and Ramamurthy et al. For the Bieniawski criterion (Bineshian, 2000; Bineshian and Bineshian, 2011a) , there are
For Hoek-Brown criterion (Bineshian, 2000; Bineshian and Bineshian, 2011b) , there are 
For Ramamurthy et al. criterion (Bineshian, 2000; Bineshian and Bineshian, 2012a) , there are 
The nonlinear regression method proposed by Nelder and Mead (Neter and Wasserman, 1977; Neter et al., 1988) was considered. However, no significant difference between the results obtained using the proposed method and those obtained using the above methods was noted. Table 1 compares the coefficients of determination obtained from the application of the proposed criterion and other four criteria previously described to intact rocks. In 52% of the total cases, the coefficients of determination applicable to the proposed criterion were close to 1. This result confirms the good correlation between the estimated and the actual data. In only 25% and 3% of the total cases, the values of 2 R applicable to the Bieniawski and Coulomb-Mohr criteria were also close to 1.
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Evaluation of proposed strength criterion
Evaluation using coefficient of determination
The comparison for coal (25 data groups) is presented in Table 2 , and summations for intact rocks and coal are presented in Table 3 . Based on the results listed in Tables 1-3 , and considering the correlation of (Sheorey, 1997) . The Ramamurthy et al. criterion fits poorly and hence has not been included (Bineshian and Bineshian, 2012a) . The proposed strength criterion and the Bieniawski and Hoek-Brown criteria fit the triaxial test data well. Note that the Bieniawski criterion was regressed after the tensile data pairs were eliminated, because it cannot provide strength envelope for tensile regime of stresses (Bineshian and Bineshian, 2011a) , therefore, it has been presented separately in Fig. 2 . Calculating parameters of strength criteria in this study are listed in Table 4 , in which all the test data are referred to Sheorey (1997) .
Figs. 1 and 2 show the fitting results under low confining pressures. Medium level of confining pressures is assessed as well. Fig. 3 shows the fitting results of the criteria to Franklin and Hoek's triaxial test data for Pennant sandstone (Sheorey, 1997) . Because of presence of UCS data pair, Ramamurthy et al. criterion could not be able to fit the triaxial test data. In Fig. 3 , the criteria have been assessed for medium level of confining pressures. As can be seen in Fig. 3 , the fitting envelope of the proposed criterion is Triaxial data Triaxial data Table 4 Calculating parameters of strength criteria in this study. satisfactory and better than other selected criteria. The parameters for the proposed and selected strength criteria are listed in Table 4 .
Figs. 4 and 5 show the fitting results for two groups of triaxial test data under high confining pressures. In  Fig. 4 , all selected and proposed criteria could be fitted. This data group does not contain any UCS data pairs, and after fitting the Coulomb-Mohr criterion on it, C is used for the selected criteria as UCS. As can be seen in Fig. 4 , the proposed criterion well fits Mogi's data Fig. 4 Fitting the proposed and all selected criteria to Mogi's data for Haruyama peridotite (Sheorey, 1997) .
Fig. 5
Fitting the proposed and Coulomb-Mohr criteria to Gustkiewicz's data for Rudna sandstone (Sheorey, 1997) .
group of Haruyama peridotite (Sheorey, 1997) , which contains high confining pressure's data pairs with 2 =0.997. R It shows better correlation with triaxial test data in comparison to the selected criteria. Fig. 5 shows the fitting results for the proposed criterion and Coulomb-Mohr criterion to Gustkiewicz's data for Rudna sandstone (Sheorey, 1997) under high confining pressure as well. But other selected criteria in this case, because of presence of tensile data, could not be fitted, even Hoek-Brown criterion that generally presents strength envelope for tensile regime of stresses. The proposed criterion for this data group shows a satisfactory fitting with 2 =0.997.
R
The parameters for the proposed and selected strength criteria are listed in Table 4 . Fig. 6 shows fitting results of the proposed, Coulomb-Mohr and Hoek-Brown criteria to Brace's data for Frederick diabase (Sheorey, 1997) . This data group contains tensile data pairs under very high confining pressures. The maximum confining pressure in this data group is almost 318 MPa. Bieniawski criterion and Ramamurthy et al. criterion could not be fitted because of presence of tensile data pairs. As can be seen in Fig. 6 , the proposed criterion fits well the data groups under high confining pressures as well, but Hoek-Brown criterion in the range of high confining pressures does not present a suitable fit on data pairs under very high confining pressures. Calculating parameters for this case are available in Table 4 . From Figs. 1-6 , it can be concluded that the proposed criterion fits the triaxial test data containing low to very high confining pressures' data pairs with a suitable value of 2 R . The Hoek-Brown criterion does not present proper fitting to the data groups, which contains data pairs with high and very high confining pressures. Bieniawski strength criterion cannot be fitted to the data groups with tensile data pairs. Ramamurthy et al. criterion cannot present any strength envelope on data groups that contain tensile and UCS data pairs. Coulomb-Mohr strength criterion is fitted to all data groups, but its correlation with the data pairs is not acceptable for intact rocks, while its correlation with high and very high confining pressures' data pairs is still better than Hoek-Brown criterion.
Evaluation using accordance coefficient
The compatibility of the proposed criterion with triaxial test data was evaluated in terms of the accordance coefficient for 12 data groups (containing 136 pairs of triaxial test data) obtained from different types of limestone.
The results are summarized in Table 5 . In 42% of the cases, the proposed criterion has an accordance coefficient lower than 0.01, which is indicative of satisfactory compatibility. This proposed criterion has better compatibility than those applicable to the other criteria. Fig. 7 shows good accordance for the proposed criterion when applied to Hobbs's data for Linby coal loaded parallel to the bedding planes and vertical to the main cleat (Sheorey, 1997) . It can be seen from Fig. 7 that the coefficient of determination is almost unity, which indicates good correlation. Fig. 7 Accordance of the proposed criterion to Hobbs's data for Linby coal (Sheorey, 1997) .
Evaluation from tensile strength aspect
The ability of the proposed criterion to define tensile strength t ( )  characteristics was evaluated by reference to the 22 data groups of coal tested by Hobbs (Sheorey, 1997) . This ability was compared to those applicable to the Hoek-Brown and Coulomb-Mohr criteria.
The estimated tensile strengths t ( )  were compared with the values determined by Brazilian testing (Sheorey, 1997; Bineshian, 2000) . The test data are referred to as values of uniaxial tensile strength (UTS). The comparison results are summarized in Table 6 . It is indicated that, in 82% and 100% of the comparisons, the proposed criterion yielded estimates of t  better than those estimated with the Hoek-Brown and Coulomb-Mohr criteria, respectively. The proposed criterion estimated t  approximately 1.2 times the values determined by UTS testing whereas the Hoek-Brown and Coulomb-Mohr criteria estimated t  2.2 and 5.1 times the applicable values, respectively (Bineshian and Bineshian, 2011b) . These results are confirmed by the accordance coefficients determined for these criteria in tension, as shown in Table 7 .
The research also highlighted the fact that the Hoek-Brown criterion should not be applied when a data group has more than one pair of tensile strength data (Bineshian and Bineshian, 2011b) . The proposed criterion can however be applied in such circumstances (Bineshian and Bineshian, 2012b) . Fig. 8 shows the proposed criterion envelope on Johnston's data for Westerly granite at 600 C (Sheorey, 1997) .
Minor principal stress at failure (MPa) Table 6 Comparison of t  with UTS of coal tested by Hobbs (Sheorey, 1997; Bineshian, 2000 Fig. 8 Compatibility of the proposed criterion to Johnston's data for Westerly granite (Sheorey, 1997) .
Conclusions
The proposed strength criterion is defined in terms of three parameters (,  and ). Parameter  is a function of the unconfined compressive strength ( c  ) obtained by Coulomb-Mohr criterion. This parameter adjusts the value of c  to reflect the trend of the triaxial test data.
A rigorous program of comparing estimated to actual test data has suggested that the criterion can provide linear and nonlinear envelopes capable of describing most triaxial test data. The proposed criterion can be applied to compressive and tensile strength data and provide estimation of these values that are similar to those determined in laboratory. The alternative criteria considered in this research may be less able to do so.
